Sexual size dimorphism (SSD) can be the result of sexual selection (SS) or natural selection (NS). Due to male-male competition for access to females, SS could favor an increase in male body size. On the other hand, larger size in females could be favored by NS, since egg production is directly correlated with body size. Rensch`s rule states that SSD increases with increasing body size in animals, where males are the larger sex, and decreases when females are larger than males. Thus, Rensch's rule predicts that in those insects where females are larger than males, SSD should decrease with increasing body size, when comparing populations and species. We analyzed SSD in 19 Argentine populations of the grasshoppers Dichroplus vittatus and 25 of D. pratensis. Both species show latitudinal and altitudinal variation in body size, following the converse to Bergmann's rule: body size decreases with increasing latitude and decreasing ambient temperature. SSD occurs in both species across their geographical distribution ranges, also involving differences in allometry and shorter developmental times in males. In D. vittatus, the degree of SSD increased significantly with general body size, whereas in D. pratensis SSD decreased as body size increased. A plausible explanation of SSD is that SS favors a differential increase in female body size related to a preference by males for more fecund females. Given the close phylogenetic relationship between both species, the differences in SSD between them may be the result of differential natural and sexual selective pressures. In D. vittatus both sexes could be reacting differently to environmental conditions regarding body size, while in D. pratensis protandry could be the main factor behind SSD.
Introduction
Sexual dimorphism (SD) results from morphological differences between the sexes. According to Wilson (1975) SD is, "any consistent difference between males and females beyond the basic functional portions of the sex organs". In many animal species, the sexes differ in size (sexual size dimorphism or SSD) (Fairbairn 1990 (Fairbairn , 1997 Shine 1990; Andersson 1994; Badyaev 2002; Lindenfors 2002) . Body size is correlated with many life history traits and can be the target of both sexual and natural selection (Blackburn et al. 1999) . In many mammals and birds SSD is male biased, but in the majority of ectotherms, it is female biased, although with many exceptions (Ralls 1976 , Andersson 1994 , Monnet & Cherry 2002 , Schulte-Hostedde et al. 2002 , Teder & Tammaru 2005 . Differences between females and males in the intensity and/or direction of sexual selection can generate differences in SSD (Darwin 1871; Spencer & Masters 1992; Andersson 1994; Fairbairn & Preziosi 1994; Ding & Blanckenhorn 2002; Kraushaar & Blanckenhorn 2002; Szekely et al. 2004; Teder & Tammaru 2005 , 2005 . In most insects, females are larger, perhaps because larger females are more fecund than smaller ones (Andersson 1994 , Honek 1993 ). In addition, small males may also be selected for in species where scramble competition polygyny, and not male contests, is the main form of sexual competition between males (Thornhill & Alcock 1983 , Schwagmeyer 1988 , Andersson 1994 , Bidau & Martí 2007b .
However, natural selection can also explain sex differences in body size if males and females have different niches (Butler et al. 2000 , Mysterud 2000 , Blondel et al. 2002 , Pérez-Barbería et al. 2002 . Differences in emergence and maturation times between females and males could explain SSD. A common phenomenon in many cases where adult males are smaller than adult females is protandry. Early emergence of males could evolve by natural selection because males that mature earlier than females could have an advantage in mate competition (Darwin 1871) . Also, early emergence of small males could be advantageous when scrambles and early arrival to mating grounds are the main mode of competition for mates (Andersson 1994 , Zonneveld 1996 , Morbey & Ydenberg 2001 , Matsuura 2006 . For protandry to evolve it must be heritable and populations must be univoltine, or have nonoverlapping generations (Bradshaw et al. 1997) . Selection for protandry could cause female-biased SSD if males and females realize the same preadult growth rates. In this case, SSD would result from sexual selection (Singer 1982) . Alternatively, SSD could result from natural selection if large females attain higher fecundity, but large males received no particular sexual or reproductive advantage (Thornhill & Alcock 1983) . Protandry also could be a female reproductive strategy to minimize the prereproductive period (Fagerström & Wiklund 1982) .
SSD is a fundamental component of intra-and interspecies morphological variation. In species with a large latitudinal and/or altitudinal distribution range, body size may show significant variation (e.g., Bergmann's rule, Bergmann 1847) that can be correlated with environmental variables (e.g., Rensch's rule; Rensch 1960 , Bidau & Martí 2007b . Moreover, patterns of SSD may be inherited from a common ancestor, thus being relevant to determinate monophyletic groups (Baker & Wilkinson 2001) .
The main goal of this study was to quantify the degree of SSD in two closely related grasshopper species with large and partially overlapping geographic distribution. According to Rensch's rule (Rensch 1950 (Rensch , 1960 in taxa in which males are the larger sex, the degree of SSD tends to increase with increasing average body size, and decreases with body size in those taxa where females are larger than males (Abouheif & Fairbairn 1997 ). This tendency has been documented both across and within species.
We were interested in analyzing intraspecific patterns of SSD in two related species because most of the information on the occurrence of Rensch`s rule in nature is interspecific. Although recently a number of intraspecific studies have been published, betweenspecies comparisons of related species are uncommon (Fairbairn 2005) , and it is not known if the underlying mechanisms, both proximate and evolutionary, are comparable to those that have been proposed for interspecific SSD variation (Fairbairn 2005) .
Furthermore, proximate mechanisms may be entirely different in vertebrates vs invertebrates, or endo-vs ectotherms (Blanckenhorn et al. 2007) .
In acridoid grasshoppers, the degree of female-biased SSD varies widely between families and genera (Uvarov 1966 (Uvarov , 1977 . The South American Melanoplines and especially the widespread genus Dichroplus, exhibit moderate to pronounced SSD as well as other aspects of sexual dimorphism such as differences in coloration (Cigliano & Otte 2003 , Bidau & Martí 2007b . We therefore analyzed SSD in Bidau & Martí 2002 , 2007a . Both species show body-size variation and follow the converse to Bergmann's rule (Bidau & Martí 2007a, b) . Our central hypothesis was that the degree of SSD was similar in both sister species and that Rensch's rule was verified in both.
Materials and methods
Population samples of D. vittatus were obtained at 19 Argentine localities spanning almost 20 degrees of latitude and 36 to 2758 m above sea level (Fig. 1 ., Table 1 ). Twenty five samples of D. pratensis were collected at localities from Argentina spanning 22 degrees of latitude and 0 to 2474 m elevation (Fig.1 corresponding mean of males (Smith 1999) , in order to visualize directly deviations from 1 (i.e., from isometry). The scaling of SSD with body size was described by regressing log10 (male size) on log10 (female size) for the six traits (Fairbairn & Preziosi 1994; Abouheif & Fairbairn 1997; Fairbairn 1997 Fairbairn , 2005 . Thus, Rensch`s rule applies when the slope of the regression line is greater than 1.0, whereas slopes smaller than 1.0 signal its converse (Fairbairn 1997) . Ordinary, least squares regression (OLS) is not adequate for this type of analysis because x (in this case, female body size) is not fixed and is estimated with error, with the consequence that the slope b and its confidence interval, are estimated with error (Fairbairn 1997) . In these cases, type II regression is recommended (Sokal & Rohlf 1995) . We thus used reduced major-axis regression (RMA) to estimate slopes for the relationship between log10 of male size and log10 of female size. For this purpose we used the software for RMA (Java version, Bohonak & van der Linde 2004). Clarke`s T tibia (T3L), d) length of tegmina (TeL), e) mid-dorsal length of pronotum (PL) and f) height of pronotum (PH) of female and male preserved specimens. We used these measurements because they are standard, and because males and females of Dichroplus and other Melanoplines usually differ conspicuously for them. Prior to statistical analysis, all measurements were log transformed and then tested for normality using the Kolmogorov-Smirnov test, to determine the appropriateness of subsequent parametric analysis. No variable departed from normality. Coefficients of variation for each analyzed trait were calculated as CV= s × 100/ x (Zar 1999) . A General Linear Model (GLM) was employed for determining size differences between species, populations and sexes for all six morphometric traits. Within species, one-way ANOVAs were performed for each trait, using population or sex as factors.
SSD was calculated for each population as the ratio between the arithmetic mean of each measured character of females, and the statistic, with adjusted degrees of freedom, was used for testing the hypothesis that β RMA = 1.0 (Clarke, 1980) . Allometric relationships within the sexes of both species were also investigated by regressing traits on total body length using the same statistical procedures described above as in Fairbairn (2005) .
Results
To determine the sources of body-size variation in D. vittatus and D. pratensis, we performed a multivariate GLM, considering all six morphometric traits as dependent variables and species (spp), sex, population (pop), sex × pop and spp × sex × pop, as covariates (Table 2a ). All six traits showed highly significant (p< 0.001) differences between species, sexes (except TeL, where p= 0.364), populations (except TeL, where p= 0.591; PL was significant at the 5% level, p= 0.037) and spp × sex × pop (except for F3L, where p= 0.198). No significant differences were observed for sex × pop.
In view of the former results we performed one-way ANOVAs for each species separately, using sex or population as the independent variable (Table 2b) . In both species, differences between sexes and populations were highly significant, with the exception of TeL of D. pratensis, where significance was borderline (Table 2b ). All analyzed populations of D. vittatus and D. pratensis thus showed SSD across their respective distribution ranges, although the degree of SSD was variable (Fig. 2) . For the six morphological traits, females were larger than males (Fig. 2) . SSD in D. vittatus was greater than in D. pratensis (Fig. 2) .
The mean size of the six morphological traits was highly correlated between sexes in both species (Table 3) . In order to assess if SSD increased or decreased between populations of each species, we analyzed the RMA between-sex allometric slopes of the six measured traits in both species, under the null hypothesis of β = 1 (isometry). A slope significantly greater than 1.0 indicates agreement with Rensch´s rule, while β < 1.0 indicates a trend which is its converse. In D. pratensis, all 6 RMA slopes were highly significantly greater than 1, signaling agreement with Rensch's rule (Table 3 ; Fig. 3a) . Conversely, in D. vittatus, all measurements showed RMA slopes < 1.0 (Table 3 , Fig. 3a ). Of these, four showed statistical significance and one, TeL, was marginally significant while PL was nonsignificant, indicating between-sex isometry (Table 3) .
Allometric relationships differed among traits, sexes and species. TeL showed hyperallometry in both sexes, although in female D. pratensis the slope was not statistically significant (Table 4 ; Fig.  3b,c) . In males of D. pratensis the size of F3L and T3L scaled isometrically with body length. Nevertheless females of this species showed significant hypoallometry (Table 4, Fig. 3b ). Larger females have relatively shorter third legs than smaller ones. On the other hand, in both sexes of D. vittatus, F3L and T3L scaled isometrically with body length (Table 4 , Fig. 3c ). Males of D. pratensis exhibited hyperallometry for PL, whereas females and males exhibited hyperallometry for PH (Table 4 , Fig. 3b) ; in D. vittatus, both traits scaled isometrically with body length in both sexes (Table 4 , Fig. 3c) .
In D. vittatus the coefficients of variation of all measurements are higher in females than in males, whereas in D. pratensis the coefficients of variation are higher in males than females. The only inversion of this pattern occurs in D. pratensis where PH is less variable in males than in females ( 
Discussion
We analyzed SSD at the intraspecific level in two species of Dichroplus grasshoppers. Both species showed significant female-biased SSD across their geographic distribution ranges. In D. pratensis the six morphometric traits followed Rensch's rule, whereas in D. vittatus, which exhibited greater SSD than D. pratensis, the converse to Rensch's rule was verified. Moreover, allometric relationships differed between species and sexes.
Since male and female sizes covary, there is an allometric relationship between female and male body size of the type log(female size)= a + β × log(male size), where, if β >1.00, SSD decreases when females are larger than males (hypoallometry; Rensch´s rule), whereas, if β<1.00, SSD increases according to an increase in body size (hyperallometry; the converse to Rensch's rule in female-biased SSD). D. pratensis shows the typical case of larger females and β >1.00. D. vittatus, although having larger females than males and exhibiting stronger SSD than D. pratensis, shows β <1.00. D. pra- A recent study (Teder & Tammaru 2005) examined the extent and direction of SSD and its conforming to Rensch's rule in 158 insect species comprising all the major orders, including six orthopterans, five of them acridoids (Walton 1980 , Lewis 1984 , Sword & Chapman 1994 , Willott & Hassall 1998 . Eighty-two percent of these showed female-biased SSD and 70% of them followed Rensch's rule (including the four acridoid species considered in the definitive analyses); 30% followed its converse according to the criteria defined by the authors. Most data in Teder & Tammaru's (2005) analysis were obtained from experimental studies of insects reared under different environmental conditions, but not necessarily from different geographical localities. Thus, in this case, most differences in SSD are probably ontogenetic. However, the results are relevant for the assessment of body-size responses of either sex to environmental variation, and may be useful to interpret situations in the wild. Nevertheless, different species in the same monophyletic group, including the same genus may show very different SSD tendencies (Fairbairn 1997) . The latter appears to be the case in the only two Dichroplus species studied until now, D. vittatus and D. pratensis.
Why do insects in which females are larger than males tend to follow Rensch's rule? In general, it is probable that larger females have a fecundity advantage over smaller ones (Honek 1993 , Andersson 1994 , while small males may benefit in scrambles over females, which is a frequent form of male competition in insects (Andersson 1994) .
Two further processes may explain Rensch's rule in these cases. On one side, it is possible that large female size is favored if females compete actively for males, although this does not seem to be the case in these Dichroplus species. Second, female size could be more sensitive to change of environmental conditions, as suggested by the results of Teder & Tammaru (2005) . Thus, as conditions improve, females could achieve their optimal size more readily than in poorer conditions. The latter is plausible, especially in species with a large geographical distribution such as D. vittatus.
As shown elsewhere (Bidau & Martí, in prep.) , D. vittatus displays great latitudinal variation in average body size. This species inhabits arid to semi-arid habitats across more than 20 degrees of latitude and about 3000 m of elevation (Cigliano et al. 2000 , Cigliano & Otte 2003 , and these habitats show great variability in plant diversity and host-plant density. Furthermore, populations from high-latitude localities usually have shorter reproductive seasons than those from lower latitudes (Cigliano & Otte 2003, Bidau & Martí, unpub. results) , probably resulting from physical and ecological constraints (i.e., temperature and food quality and quantity).
On the other hand, although D. pratensis also shows large levels of body-size variation along its latitudinal and altitudinal distribu-JOURNAL OF ORTHOPTERA RESEARCH 2008, 17 (2) tion (Bidau & Martí 2007b) , SSD decreases as average body size increases, as shown in this paper. In both species however, larger size is achieved in ecologically central populations, which are usually less protandrous, since sexual maturity tends to be more synchronized due to longer developmental time and the possibility that females could achieve their optimal size more readily in central ecological conditions. Thus, ecologically central populations would tend to be less protandrous and show lower levels of SSD than marginal ones. Intraspecific Rensch's rule in this case could possibly be related to protandry, but only in D. pratensis, since in D. vittatus central populations that exhibit larger body sizes, are in fact more dimorphic.
Protandry is the phenomenon observed in many insects and other animals, where males emerge and/or reach sexual maturity before females (Nylin et al. 1993 , Zonneveld 1996 , Cueva del Castillo & Núñez-Farfán 1999 , Crowley & Johansson 2002 , Candolin & Voigt 2003 , Møller 2004 , Morbey & Ydenberg 2001 . The evolutionary origin of protandry may be related to an advantage for males reaching early sexual maturity and gaining early access to virgin females (Andersson 1994 , Morbey & Ydenberg 2001 . However, in D. pratensis, due to the large geographic range, developmental time and emergence of males and females is strongly affected by climatic conditions. The single annual adult season is much shorter in marginal environments where body size is smaller, than in central ones where average sizes reach their maximum (Bidau & Martí 2002 , 2005 . Nevertheless, protandry is the rule in all studied populations, females reaching the adult stage when environmental conditions reach their optimum. Thus, in marginal habitats males should be proportionally much smaller than females, while in central areas of the species range, longer development time would allow males to reach larger sizes closer to the females' optimum (Bidau & Martí 2005 Correlation analysis between the CVs of each trait for males and females of both species, and the degree of SSD of each trait, further reinforces the idea of different proximate mechanisms operating on SSD of each species. In D. vittatus, with a single exception, the CVs of all traits were negatively associated with SSD in both sexes, indicating that high SSD implies low morphometric variation. This could be expected if a depletion of genetic variation occurs because of selection for increasingly larger body sizes in females. Conversely, in male D. pratensis, four significant and one nonsignificant correlations were positive, indicating that in populations where males are smaller, they are morphometricallly more variable: this could be due to a plastic response to marginal conditions and more variability in early emergence. The latter could be why no clear pattern of CV/SSD was found for D. pratensis females: the only significant correlation was for PH, a measurement that shows an atypical behavior regarding variability, as described above. Thus, in D. pratensis longer development time of males would homogenize body size and produce lower CVs, as well as lower SSD.
No detailed studies on ontogenetic development have been conducted in Dichroplus species, thus any conclusions about static allometric relationships as found in this paper are speculative. However, it is interesting that these two species, which show a very close phylogenetic relationship as demonstrated by morphometric and molecular studies (Cigliano & Otte 2003 , Colombo et al. 2005 , exhibit different allometric patterns.
Although in both species the tegmina show hyperallometry, no direct explanation for this fact can be advanced. Both species (and especially D. vittatus which is brachypterous) are flightless and have very low vagility. However, tegmina-length allometry might be related to thermoregulation: tegmina of both species are relatively longer at lower latitudes where mean annual and summer temperatures are higher, and where ambient energy is higher as measured by potential evapotranspiration (Bidau & Martí 2007a,b) . Thus, tegmina may act as control devices for thermal insulation and thermoregulation (including behavioral thermoregulation) and relatively longer tegmina may be selected for in such environments. 
